Chorioretinal blood flow · Chorioretinal ischemia · Arterial spin labelling Abstract Purpose: Here, we have tried to quantify the chorioretinal blood perfusion in patients who are clinically identified to be suffering from retinal ischemia using arterial spin labelling (ASL) MRI. Method: Four participants, diagnosed with retinal ischemia based on their structural OCT and angiography test, were then scanned using anatomical MRI as well as ASL. We optimized MR parameters to maximize resolution and target fixation, blinking, and breathing ques to minimize motion artifacts. Results: Participants had a maximum of ~50 mL/100 mL/ min of blood perfusion, which is below the normal values of ~200 mL/100 mL/min. It also appeared that thinning of the choroid contributes more to the measured decreased chorioretinal perfusion, compared to slowed arterial filling time. Conclusion: Decreased chorioretinal perfusion is a multifactorial event and has been implicated in several posterior eye pathologies. Based on our current results, it seems that ischemia of the eye could be due to anatomy (tissue volume) and/or functionality (arterial flow).
Introduction
Our sense of vision is the product of accurate functioning of numerous elements comprising the optical pathway of our eyes. The anterior part of the human eye consists of the cornea, lens, ciliary muscles, and zonule fibers. Coordinated operation of these structures projects a clear image onto the retina, located at the back of the eye. By way of a complex sequence of neural encoding, the retina then converts the light signals into a set of neuroelectrical signals that are transferred to the brain via the optic nerve for further processing and perception. Anatomically, the retina consists of multiple cell types organized into layers, functionally performing different processing tasks [1] . Distinct and yet interdependent functions of each of these cell layers create and support the photo-transduction process [1] .
The human retina requires a rich blood supply due to its high metabolic demand, especially of the retinal pigment epithelium and the photoreceptors of the outer retina. The average central thickness of the retina and choroid are 209.1 ± 12.9 μm and 292.7 ± 77.3 μm, respectively [2] . The retina consists of 2 arterial systems, the retinal vasculature and the choroidal vasculature, both of which are supplied by the branches of the ophthalmic artery, which itself is a branch of the internal carotid artery [3] . The choroid is an extremely vascular tissue comprised of a dense plexus of fenestrated capillaries, which are mainly supplied by the posterior ciliary arteries, but involve some branches of the anterior ciliary arteries [4] .
The central retinal artery is the origin of the retinal vascular bed, which in turn supplies the inner two-thirds of the retina. The outer retina and fovea are avascular and thus rely instead on the choroidal circulation and choriocapillaris for nourishment and oxygen supply. Previous studies have suggested that inner retinal vasculature has been fine-tuned to give sufficient blood flow supply with minimal light blockage, and thus there is a very little margin of error for retinal perfusion [5] [6] [7] . Therefore, pathologies resulting in vasculature disruption or non-perfusion have significant adverse consequences on the health of the retina and quality of overall vision [2, 8] .
Ischemia is a term that describes the hypo-perfusion or "restrained blood supply" of the tissue, resulting in a reduction of the supply of nutrients, as well as the drainage of waste [8] . If left untreated, chorioretinal ischemia can result in profound irreversible loss of vision. Ischemia of the retinal and/or choroidal vasculature is seen in conditions such as diabetic retinopathy, retinal artery or vein occlusions, age-related macular degeneration (AMD), retinopathy of prematurity, ocular ischemic syndrome, and severe myopia. These conditions are generally multifactorial, initially involving disruption of the chorioretinal blood supply or vaso-obliteration/microvascular degeneration [5, 9] . As the ischemia progresses, hypo-perfusion of the retina and choroid can trigger a vaso-proliferative phase, in which pro-angiogenic factors are released [9, 10] , such as vascular endothelial growth factor (VEGF) [7] . This results in neovascularization in the retina, which is associated with increased leakages, macular edema, fibro-vascular scar formation [10] , hemorrhages, and rubeosis iridis if severe [11] . Therefore, early diagnosis of chorioretinal ischemia and blood hypo-perfusion is paramount for initiating intervention and management of these pathologies.
Currently, there are very few techniques capable of detecting and monitoring chorioretinal ischemia. These include ophthalmoscopy, fluorescein and indocyanine-green angiography, optical coherence tomography angiography (OCT-A), and magnetic resonance im-aging (MRI) when used in arterial spin labelling (ASL) mode [12] . In traditional angiography, auto-fluorescent molecules are injected into the blood stream, and as the blood column containing the dye enters the eye, the reagent is exposed to predetermined light wavelengths, which results in the hyper-fluorescence of the reagent-enhanced blood vessels. They can provide structural information on the chorioretinal vasculature, areas of normal perfusion, reduced perfusion, or leakage; this is a snapshot of the current state. Although widely used, the utility of the traditional angiographic techniques is limited by the fact that they only reveal a snapshot of the current state of the tissue [13] . Measuring the time taken for the dyeladen blood column to enter the retinal circulation via dynamic high-speed angiography can give additional insights into the perfusion of the chorioretinal circulations, being delayed in cases where there is reduced perfusion pressure, most often due to an obstruction or stenosis within the arterial tree proximal to the globe [14] .
The recently introduced modality of OCT-A is capable of structural and functional retinal imaging. The OCT-A functional blood flow signal is based on speckle noise generated by a moving particle (i.e., blood cells) in the field of view (i.e., retinal arteries) [15] . Compared to fluorescein and indocyanine-green angiography, OCT-A is non-invasive and potentially 3D [16, 17] . Current OCT-A can generate volumetric blood flow datasets in seconds [18] . However, OCT-A also has shortcomings. Firstly, only a snapshot of retinal blood flow can be obtained. Second, OCT-A is unable to image any potential leakages of chorioretinal vasculature [19] . Moreover, while OCT-A is capable of imaging both retinal and choroidal arteries, the larger retinal vessels often block the view of choroidal arteries, which can lead to misdiagnosis of outer retinal vascular abnormalities and could also miss areas of slow blood flow in micro-aneurysms, polypoidal lesions, or fibrotic choroidal neovascularization [18] . Finally and critically, OCT-A is only qualitative and cannot quantify chorioretinal blood flow.
MRI in ASL mode, on the other hand, is a relatively new technique that can non-invasively provide high-resolution quantitative measures of blood flow, and has been mainly utilized for brain imaging. ASL, once analyzed, can measure the perfusion of blood in units of mL/100 mL/min [20] . Thus, when applied to the eye, it would allow for measurement of blood perfusion in the back of the eye, highlighting any potential areas of hypo-perfusion and aid in understanding of the factors affecting the chorioretinal blood flow and its changes due to chorioretinal ischemia. ASL modality and its optimum parameters for ocular implementation have been reviewed in depth elsewhere [20] , but in short, it starts by magnetically tagging the water in arterial blood, using radio-frequency pulses prior to entering the tissue of interest. The next step is to record the signal from the tagged molecules as they arrive at the region of interest. This labelled scan is then compared to a control scan without any tagging, which is performed at a delay [21] . The amount of labelled (tagged) arterial blood, transferred from the arteries to the tissue of interest, is found via the difference between the labelled scan and the control scan [22, 23] . The feasibility of the use of ASL in the healthy eye has been investigated previously in the literature [12] .
The aim of this pilot study was to investigate the potential utility of ASL as a non-invasive quantitative technique to study the hemodynamic changes in the retinal and choroidal vasculature in a small cohort of individuals with ocular disease, who would be expected to have reduced chorioretinal perfusion from their clinical appearances, angiographic characteristics, and OCT findings. As such, this study represents for the first time that the technique of ASL has been used to measure localized chorioretinal perfusion in eyes of individuals who have ocular pathology.
Methods

Subject Recruitment
Four participants who were, on the basis of clinical findings, expected to have either reduced choroidal or retinal perfusion or both were recruited in this study, which was approved by the University of Auckland Human Participants Ethics Committee. These participants were identified based on their clinical findings on ophthalmoscopy, the status of the retinal capillary bed and arterial filling time on fluorescein angiography, and their subfoveal choroidal thickness ( Table 1 ). The participants were aged between 56 and 83 years and included 2 males and 2 females. Two individuals had profound ocular ischemia, 1 individual had pathological myopia and a thin choroid, and 1 individual had a thin choroid and dry AMD with evidence of reticular pseudo-drusen with no associated atrophy.
The participants did not have any known MRI contraindications, and exclusion criteria included family history of epilepsy or seizures, history of neurological disorders or disease, presence of a cardiac pacemaker or other metal implants, serious head injuries, or pregnancy. Participants were imaged on a single session, which included T1-weighted and T2weighted anatomical scans of the eyes and brain (about 4 min long), followed by ASL scans of each eye (about 7 min per eye), totalling about 30 min per session. Participants were instructed to fixate on a cross-target that was projected inside the MRI room and take calm relaxed breaths as eye movements and movements of the eye coil cords resting on their chest could result in motion artefacts in the images.
Angiography
All participants underwent fluorescein angiography, utilizing established protocols, within 4 weeks of their MRI ASL assessment. In all cases, 5 mL of 20% sodium fluorescein was injected into the antecubital fossa via a 23-G cannula. The arterial filling time was defined as the time taken from administration of the dye to its first appearance within the retinal arterial system. The timer was started when the physician started injecting the bolus of fluorescein into the cannula. A single physician conducted all the angiograms in this study. As this is a dynamic measurement, it was only possible to determine the dye transit time to 1 eye per angiographic assessment. Clinical need determined that participant number 2 2 two separate fluorescein angiograms to assess their profound ocular ischemia and thus the arterial filling times for both eyes were known. In the other 3 participants, the fluorescein angiogram was only performed once, and thus we only have accurate filling data for 1 eye.
Choroidal OCT Central macular thickness was assessed using the Heidelberg Spectralis OCT on the single-line scan choroidal enhanced-depth imaging (EDI) mode. The central macular choroidal thickness was measured manually and was taken to be the distance between calipers placed on the Bruch's membrane and the sclera under the fovea.
MRI Acquisition
Participants were scanned using the 3T MAGNETOM SKYRA clinical MRI (Siemens, Germany) at the Centre for Advanced MRI at the University of Auckland. A 20-channel head coil was used as the transmitter, in conjunction with an additional specialized eye coil (4 cm in diameter), to enhance the received signal. Both coils were supplied by Siemens Health Care. A customized soft mask was padded under the eye coil, to minimize the direct contact between tissue and coils. During the MRI acquisition, participants were guided to focus on a fixation target that was projected inside the MRI room. This led to minimized eye movements and hence motion artefact of the outcome. The participants were guided to rest their eyes in between each imaging sequence.
The imaging protocols in this study included a 3D T1-weighted anatomical imaging, plus a 3D ASL imaging with pCASL technique. The structural images were acquired with a magnetization-prepared rapid gradient-echo (MP-RAGE) sequence [22, 24] . The imaging parameters were TE = 2.13 ms, TR = 1,900 ms, isometric voxel size = 0.9 × 0.9 × 0.9 m, slices = 176, parallel imaging mode: GRAPPA, acceleration factor: 2.
The ASL images were acquired subsequently. To acquire the labelled images, a tagging plane was located at 7 cm below the optical nerve. This has proven to be the optimal location to label the retinal blood flow from previous investigations [12, 25] . The labelling duration was 1,500 ms and the post-labelling duration was 1,500 ms. The labelling pulse was then turned off to acquire the control image. The readout sequence used in our pCASL was a turbo-gradient spin echo with the following parameters: TR = 5,000 ms, TE = 26.52 ms, FOV = 130 × 130 mm, matrix size = 128 × 128 (in-plane resolution of 0.8 × 0.8 mm), slice thickness = 3 mm, bandwidth = 1,502 Hz/Px, turbo-factor = 14, EPI factor = 21. The image acquisitions alternated between control and label, and a total of 6 control-label pairs were acquired for each eye. Apart from the control and label sets, a reference image (M0) was acquired prior to the control-label series. The M0 image has the same imaging parameters mentioned above, but without labelling preparations. The time duration for the ASL for 1 eye is about 7 min and 30 s, and the overall imaging session took about 30 min to complete.
Post-Processing
The acquired control and label images were first reviewed manually and images subject to significant motion artefacts were discarded. Next, the stack of control and label images were per-processed using the SPM package (www.fil.ion.ucl.ac.uk/spm/) based on the Matlab platform (MathWorks Inc., Natick, MA, USA). The images were then smoothed by a Gaussian kernel (FWHM = 5 mm). After that, the stack of control and label images was spatially realigned to the reference image (M0). The realignment was performed with a rigid body spatial transformation, in which the points were sampled at 4 mm distance apart from the M0 image and with 4th order B-spline interpolation during re-sampling ( Fig. 1) [26] . The alignment of labelled-control image pairs maximized the ASL (Fig. 2) .
To calculate the retinal blood flows, only the slices were chosen where optical nerve and other orbital tissues were clearly apparent. Once the slice image was selected, the voxel-wise where ΔMasl is the average signal difference between control and label images, M0 is the signal intensity of vitreous measured from the M0 image [25] , τ is the labelling time, w is the post-labelling delay, R1a is the reciprocal of longitudinal relaxation time of blood -measured as 0.67 s -1 at 3T [22] , λ is the blood/tissue water partition coefficient, and a is the labelling efficiency. We assumed λ = 0.9 g/mL and a = 0.85. A factor of 6,000 was required to convert the blood flow into a physiological unit (mL/100 g/min).
Results
The blood flow calculations from the ASL scans were generated at each voxel and intensities were overlaid on a T1-weighted anatomical scan of the eye, which is seen in Figure 3 . Furthermore, these images were analyzed alongside fluorescein angiography images and OCT measurements of the choroid. Blood flow results were taken as an average across all voxels (the blood flow map) along the ROI at the full thickness of the choroid and retina, which are summarized in Table 2 , as well as results of the subjects' fluorescein angiography and choroidal thickness measurements.
The participants all presented with differing ocular conditions, and as there were too many variables between participants, it did not deem appropriate to average the results across all of them. Thus, results are analyzed on a subject-by-subject basis, whereby ASL results are compared between the two eyes, as well as their OCT and fluorescein angiography results.
Discussion
Our pilot study demonstrated that the MRI in ASL mode could be a feasible non-invasive tool for assessing the chorioretinal blood flow and hence revealing localized normal and compromised ocular perfusion in individuals. For normal healthy individuals, previous ASL studies have demonstrated that averaged values of chorioretinal perfusion at the posterior pole across the full thickness of the retina and choroid decrease with increasing age [28] . Individuals aged between 24 and 36 years were found to have an average peak blood flow of 270 ± 98 mL/100 mL/min, and those aged between 37 and 68 years were found to have an average peak blood flow of 161 ± 54 mL/100 mL/min [28] . This is consistent with prior studies, which have found a similar posterior pole chorioretinal perfusion of 149 ±48 mL/ 100 mL/min [24] . In comparison, despite the heterogeneous mix of ocular conditions present in this pilot study, with each participant exhibiting different choroidal thicknesses and arterial filling rates, all recorded significantly reduced perfusion on ASL. For example, whilst participant 2 had significantly delayed arterial filling and a normal choroidal thickness, participant 1 had normal arterial filling but very thin choroids, and yet both recorded reduced chorioretinal perfusion.
Arterial filling time is the time taken for the branches of the central retinal artery to be filled with auto-fluorescent sodium fluorescein, using dynamic high-speed fluorescein angiography. In healthy individuals with a normal chorioretinal vasculature, the arterial filling time is 2.69 ± 1.25 s [29, 30] , but in practice a value of less than 4 s is considered normal. The arterial filling time is assumed to be indicative of chorioretinal perfusion, as arterial filling time and blood flow are presumed to be inversely proportional [29] , with an increased arte-rial filling time suggesting an obstruction or an increase in resistance to blood flow within the arterial tree proximal to the globe. However, without information about vessel diameters or total volume in the vascular bed, a direct relationship between arterial filling time and ocular perfusion cannot be established [31] . Nevertheless, studies have documented a delayed arterial filling time in participants suffering from central retinal artery occlusion, ocular ischemic syndrome, and diabetic retinopathy [32] [33] [34] [35] . Participants 2 and 3 in our study had significantly delayed arterial filling times and these findings were in keeping with their severe ocular ischemic syndrome as manifest clinically; namely critically compromised central retinal filling pressures, the presence of confluent mid-peripheral retinal blot hemorrhages, significant retinal capillary non-perfusion on angiography, and clinically significant carotid stenosis (>90%). In contrast, participants 1 and 4 had normal arterial filing times on dynamic angiography and normal retinal capillary filling, observations which were in keeping with the clinical findings. However, in all 4 individuals the chorioretinal perfusion as measured by ASL was significantly reduced, and curiously the patient with the most profound ocular ischemia clinically recorded the highest perfusion rate, although still significantly reduced compared to controls. Where one might have expected to observe reduced chorioretinal perfusion in the 2 participants with ocular ischemic syndrome, our finding that the chorioretinal perfusion of the 2 participants with normal arterial filling times on angiography was also significantly reduced invites further explanation.
Although a long established clinical tool, dynamic fluorescein angiography is an imperfect investigation. The assumption that a delayed arterial transit is synonymous with reduced oxygen delivery to the target tissues may not be correct, and in contrast, a normal arterial filling does not mean that the tissue oxygenation is normal as it tells one nothing about the volume of blood delivered to these target tissues. As such, a delayed arterial filling time is not in itself diagnostic for tissue ischemia. However, in the context of the clinical and angiographic findings of severe ocular ischemic syndrome, we are confident that the angiographic findings in participants 2 and 3 do represent the presence of a significantly compromised arterial tree proximal to the globe and hence reduced tissue perfusion in these eyes. Similarly, we are confident that the lack of clinical signs of global retinal ischemia in cases 1 and 4 are indicative of a normal proximal arterial tree in these individuals. Our interpretation of the results of the dynamic and static angiography conducted on our 4 participants is as follows:
1. In participants 2 and 3, significant tissue ischemia was present as a consequence of a clinically critical obstruction in the arterial tree proximal to the globe: in both cases within the carotid arteries.
2. In participants 1 and 4, there was no such obstruction and as a result the arterial filling times were normal. As such, an alternative explanation is required for the significantly reduced perfusion that was observed on MRI ASL in participants1 and 4.
Aside from the rate of blood flow, the other factor that will influence perfusion of the posterior pole in ASL is the volume of the vascular tissue under test. Whilst a direct volumetric analysis of the chorioretinal vascular tissues was not performed in this study, we did measure a surrogate marker, namely central macular thickness as measured by EDI OCT. Although central macular choroidal thickness is known to decrease with increasing age, excessive choroidal thinning is also observed in AMD and pathological myopia [36] . In healthy subjects, the average central macular thickness of the retina and choroid are 209.1 ± 12.9 μm and 292.7 ± 77.3 μm, respectively [2] . With a choroidal thickness of just 25 µm (OD) and 27 µm (OS) in participant 1 and 46 μm (OD) and 76 μm (OS) in participant 4, they had a very attenuated choroidal thickness former due to pathological myopia, and latter due to dry AMD. The observation that the 2 participants with thinned choroids but normal dynamic and static angiographic findings also recorded significantly reduced chorioretinal perfusion on ASL may offer a useful insight into the relative contribution of blood flow rate and vascular tissue volume to the results obtained from ASL. Perfusion as measured by ASL is a function of blood flow and the tissue volume. As such, patients with very thin choroids, and hence reduced vascular volume, would be expected to have a reduced perfusion on ASL, irrespective of the findings on angiography, as was observed in this study. Moreover, participants who had near normal choroidal thicknesses but a critically reduced perfusion pressure (and hence blood flow rate, caused by a severe stenosis within the proximal arterial tree) also recorded a low perfusion figure on ASL, attesting to the sensitivity of our technique to accurately measure chorioretinal perfusion. Overall, this pilot study suggests that both arterial filling rate (perfusion pressure) and choroidal thickness (anatomy) have a role in determining the perfusion of the posterior pole as measured by ASL. However, the fact that participant 1 had both the thinnest choroid and the most compromised perfusion as measured by ASL is intriguing and, if repeatable, may suggest that choroidal thickness is more important in determining chorioretinal perfusion on ASL than arterial filling times as measured on dynamic fluorescein angiography.
Despite the undoubted success of anti-VEGF treatments in treating the neovascular component of the disease, advanced AMD remains the leading cause of blindness in industrialized nations. Both advanced AMD and pathological myopia are associated with progressive atrophy of the retinal pigment epithelium and choroidal neovascularization, and the extent of both these processes, at least for AMD, are inversely correlated with choroidal thickness [2, [36] [37] [38] [39] . At present, the role that thinning of the choroid, and the choriocapillaris in particular, play in the pathophysiology of AMD and myopic macular degeneration remains a matter of debate and currently we lack a reliable, non-invasive, quantitative tool for accurately measuring localized chorioretinal blood flow and perfusion.
Prior to any intervention studies that might utilize ASL as a perfusion measurement technology, it is essential to separate the retinal and choroidal contributions of the ocular perfusion. We are actively working towards such improved implementation of the ASL pulse sequence, optimized for differentiating the retinal and choroidal circulations, but multiple technical challenges remain.
The data we present in this pilot study represent for the first time that MRI ASL has been used to investigate eyes of individuals who have ocular pathology leading to reduced perfusion within the chorioretinal circulation. We believe that our technique will fill this gap in our armory of investigative tools and thus has the potential to advance our understanding of the pathophysiology of ischemia and neovascularization of the posterior pole.
Future Directions
We are currently designing a large-scale MRI ASL study, whereby allowing for comparison between individuals diagnosed with chorioretinal ischemia due to AMD. Thus, we may better understand how each of the factors of the differing conditions (i.e., arterial filling time or choroidal thickness) will affect the chorioretinal blood flow. Although MRI is certainly not a cheap technology, it has become ever more common and accessible over the last decade. The current cost of our ASL MRI scan (in the country of the authors) is less than that of 1 intravitreal injection of anti-VEGF agent for the treatment of wet AMD. Due to the often slow progression rate of dry AMD, we believe that in the future, an annual ASL MRI scan of these patients is sufficient for establishing the baseline and then monitoring the progression of the disease. For faster evolving pathologies such as diabetic maculopathy, a more frequent (twice a year) scanning protocol may be frequent enough. While, this frequency of scans is affordable in developed countries, it will take some time to become accessible in the developing world. The slice image that contained distinct optical nerves and other orbital tissues was selected for each participant (left). A customized mask was drawn on the region of the retina/choroidal complex (middle). The pixel-wise blood flow maps overlay on the reference M0 image (right). The color bar is in the unit of mL/100 g/min. Fig. 3 . The anatomical MR image of both eyes of participant 4, superimposed with ASL perfusion signal (mL/100 g/min). The perfusion signal is markedly larger around the optic nerve head and decreases towards the periphery of the retina. 
